Two quantitative, rapid assays were developed to study the adhesion ofActinobacillus actinomycetemcomitans, an oral bacterium associated with periodontal disease, to human epithelial cells. The human oral carcinoma cell line KB was grown in microtiter plates, and adherent bacteria were detected by an enzyme-linked immunosorbent assay with purified anti-A. actinomycetemcomitans serum and horseradish peroxidase-conjugated secondary antibody or [3H]thymidine-labeled bacteria. Adhesion was found to be time dependent and increased linearly with increasing numbers of bacteria added. Variation in the level of adhesion was noted among strains ofA. actinomycetemcomitans. Adhesion was not significantly altered by changes in pH (from pH 5 to 9) but was sensitive to sodium chloride concentrations greater than 0.15 M. Pooled human saliva was inhibitory for adhesion when bacteria were pretreated with saliva before being added to the cells. Pretreatment of the KB cells with saliva did not inhibit adhesion. Protease treatment of A. actinomycetemcomitans reduced adhesion of the bacteria to KB cells. The data are consistent with the hypothesis that a protein(s) is required for bacterial adhesion and that host components may play a role in modulating adhesion to epithelial cells.
The role of specific gram-negative bacteria in the etiology and pathogenesis of destructive forms of periodontal diseases is well documented (16, 26, 29) . These recurrent infections lead to inflammation of the gingiva, loss of alveolar bone, and eventual loss of teeth. One species of bacteria, Actinobacillus actinomycetemcomitans, has been strongly implicated as the causative agent of some forms of severe periodontitis in adolescents and adults (27, 28, 39) . A. actinomycetemcomitans is a capnophilic coccobacillus that elaborates several virulence factors in order to maintain itself in the oral cavity. These factors include a leukotoxin (35) , a polymorphonuclear leukocyte chemotaxis-inhibiting factor (36) , a lymphocyte-suppressing factor (24), lipopolysaccharide endotoxin (9), a bone resorption-inducing toxin (18) , acid and alkaline phosphatase activity (25) , collagenase (21) , a fibroblast-inhibiting factor (23) , and an epitheliotoxin (2) . In addition to these factors, invasion of A. actinomycetemcomitans into epithelial cells may be an effective means by which this bacterium can elude host defense mechanisms and may explain the episodic nature of these diseases (14) .
The initial event in the pathogenesis of most bacterial diseases is adhesion to the host tissue (1) . Some microorganisms multiply and remain attached to the host surface. Other organisms use adhesion as the first essential step before penetrating into deeper tissues (5) . Adhesion of bacterial pathogens to the eukaryotic cell surface is mediated by macromolecules collectively known as adhesins. Adhesins are bacterial surface structures that interact with receptors on the eukaryotic cell surface (5) . Multiple adhesins, including lipopolysaccharide, fimbriae (pili), and fimbria-associated peptides, have been described (5, 38) . Single or multiple adhesin systems may be expressed on the same bacterium and may be regulated by environmental and host conditions (5) .
A. actinomycetemcomitans has been demonstrated to possess fimbriae, which are lost following repeated subculture (20, 22) . Differences in attachment to hydroxyapatite (an in vitro tooth model) have been demonstrated by using fimbriated and nonfimbriated variants (22) . However, some strains demonstrate no major differences in adhesion of fimbriated and nonfimbriated variants. Other studies have shown differences among strains in attachment to hydroxyapatite following treatment with proteases and neuraminidase (8) . Recent studies have demonstrated the presence of bacterium-derived extracellular components from specific strains ofA. actinomycetemcomitans that function in adhesion (12) . These studies suggest the presence of multiple adhesins on the surface of A. actinomycetemcomitans. In the work described in this report, two rapid and sensitive assays have been developed to determine the nature of the macromolecules required for adhesion and the host components that may modulate adhesion to epithelial cells.
MATERIALS AND METHODS
Bacteria. All A. actinomycetemcomitans strains used in this study were Adhesion ELISA. The enzyme-linked immunosorbent assay (ELISA) developed was based on a modification of the method of Stanislawski et al. (32) and Ofek et al. (19) . Confluent KB cells in 96-well microtiter plates were washed twice with PBS containing 0.9 mM CaCl2 and 0.5 mM MgCl2 to remove any serum components that may have adsorbed to the monolayer and to maintain cell morphology. The monolayers were fixed with 0.25% glutaraldehyde in PBS for 10 min at room temperature. The glutaraldehyde was removed, and the monolayers were washed with PBS. Any exposed plastic was blocked by incubation with 1% bovine serum albumin (BSA) in PBS for 1 to 2 h. The BSA was removed by rinsing the wells with PBS, and the bacteria were incubated with the monolayer for 1 h at 37°C. The monolayers were washed with PBS, the purified antibodies (0.5,ug per well, in 1% BSA-PBS) were added, and the mixture was incubated for 1 h at room temperature. The immune complexes were detected with horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin diluted in 1% BSA-PBS. The conjugated antibody was removed by washing with PBS containing 0.05% Tween-20, and the enzymatic activity was determined by incubation with hydrogen peroxide in the presence of o-phenylenediamine in citrate buffer (pH 5.0) (15) . The reaction was stopped by the addition of 4 M sulfuric acid, and the color development was quantitated by measuring the A490.
[3lH]thymidine-labeled adhesion assay. (37) . Solubilized cells were added to scintillation fluor (CytoScint; ICN Biomedicals, Inc., Irvine, Calif.), and the amount of radioactivity present was determined by scintillation spectroscopy. Labeled bacteria were stored as a pellet at 4°C and used within 5 days. Antibody purification. Polyclonal antiserum raised in rabbits against whole SUNY 465 bacteria (30) was purified by ammonium sulfate precipitation and ion-exchange chromatography. Solid ammonium sulfate was added to the sera to 50% saturation, and the mixture was centrifuged for 10 min at 12,000 x g. The resulting pellet was resuspended in water and dialyzed extensively against 10 mM Tris-75 mM NaCl (pH 7.4). The retentate was applied to a DEAE-cellulose column (Sigma) preequilibrated with the above buffer. The flowthrough portion was collected in 4-ml fractions and assayed for reactivity to A. actinomycetemcomitans by using a BactELISA previously described for Streptococcus sanguis (4). The appropriate fractions were pooled and made 70% saturated in ammonium sulfate, and the proteins were recovered by centrifugation. The protein pellet was dissolved in 50% glycerolwater and stored at -20°C. The purity of the protein solution was analyzed by SDS-polyacrylamide gel electrophoresis on 5 to 15% gradient gels (11) , and the concentration was determined spectrophotometrically.
Treatment of bacteria and/or cell monolayer with saliva. Pooled human saliva from -200 students (6) was heated at 60°C for 30 min, clarified by centrifugation, and stored at -20°C. The saliva used in the experiments was thawed, recentrifuged, and preincubated with the bacteria for 30 min at room temperature. The bacteria were separated from the saliva by centrifugation and resuspended in PBS before being added to the monolayer. In other experiments, the KB monolayers were preincubated with pooled saliva for 30 min at 37°C
and washed three times with 250 p.l of PBS before the addition of untreated bacteria.
Sodium chloride and pH dependence of adhesion. To determine the effect of hydrogen ion concentration on adhesion, bacteria were grown and washed with PBS as described above. The pellet, after the PBS wash, was resuspended in PBS, aliquoted, and recentrifuged. The resulting pellets were resuspended in 10 mM sodium phosphate-0.15 M NaCl with various pH values (between pH 5 and 10). The effect of sodium chloride concentration on adhesion was determined by resuspending bacteria in 10 mM sodium phosphate (pH 7.4) adjusted to the final sodium chloride concentration by addition of various volumes of 5 M NaCl. The final volumes of the buffers were equalized by the addition of water.
Protease treatment of bacteria.
[3H]thymidine-labeled bacteria were incubated at 37°C in the presence of 4.4,uM trypsin (Worthington Biochemical Corp., Freehold, N.J.). Aliquots were removed at timed intervals, the enzyme activity was inhibited by addition of a 10-fold molar excess of soybean trypsin inhibitor (Sigma), and the aliquots were placed on ice. The adhesion of the modified bacteria was assayed as described above. Trypsin preincubated with soybean trypsin inhibitor was added to labeled bacteria for the duration of the experiment and used as the control.
Biotinylation of A. actinomycetemcomitans. The proteins modified by incubation with trypsin were identified by using biotinylated bacteria. Outer membrane proteins were labeled with biotin as described by Ofek et al. (19) . Bacteria were washed with PBS, and the pellet was resuspended in 0.1 M NaHCO3 (pH 8.0) to a final concentration of 8 x 109 bacteria per ml. The bacteria were biotinylated by addition of 0.2 mg of N-hydroxysuccinimidyl-6-(biotin)hexanoate (10 mg/ml dissolved in dimethyl sulfoxide; Vector Laboratories Inc., Burlingame, Calif.) per ml of bacteria and incubated for 2 h at ambient temperature. The free biotin was removed by centrifugation followed by washing with PBS (three times), and the bacteria were resuspended in PBS (109 bacteria per ml).
The biotinylated bacteria were dissolved in 1% SDS and heated at 100°C for 10 min. The proteins were separated by polyacrylamide gel electrophoresis and transferred to nitrocellulose (34) . The nitrocellulose sheets were washed in 0.1% Tween 20 (Sigma) and incubated with horseradish peroxidaseconjugated avidin D (200 ng/ml; Vector Laboratories). The biotinylated proteins were detected by the addition of 4-chloronaphthol as described previously (15) . significantly increase the number of bacteria associated with the monolayer. Adhesion was also dependent on bacterial concentration (Fig. 2) (Fig. 2) . SUNY 465, the prototypic strain used in this study, exhibited the highest adhesion activity. Adhesion of SUNY 465 to KB cells was at least twice that of SUNY 75R and 75S and three times that of strain 652, which showed the least amount of activity. These strains also adhere to CHO-Kl cells but not to the same levels as to KB cells (data not shown). However, the ranking of adhesion activity was the same as that demonstrated for KB cells (SUNY 465 > SUNY 75S = SUNY 75R > strain 652).
The preferential antibody binding to specific A. actinomycetemcomitans strains was investigated to account for this variation in adhesion. Antibody reactivity was determined by plating equal numbers of bacteria to microtiter wells and probing with the purified A. actinomycetemcomitans antisera. Equivalent absorbance readings were generated for all the strains mentioned above and for Y4 strains obtained from multiple sources (data not shown). Therefore, the variation in adhesion is not due to differences in antibody reactivity among these strains.
Factors mediating A. actinomycetemcomitans adhesion. (i) Saliva. Saliva in the oral cavity may inhibit bacterial adhesion by binding to the bacterium or to bacterial receptors found on epithelial cell surfaces. Pretreatment of SUNY 465 cells with saliva before addition to the monolayer resulted in a dosedependent inhibition of adhesion (Fig. 3A) . However, pretreatment of the monolayers with saliva before the addition of (Fig. 3B) . These results were corroborated by using both assay formats.
No difference in the inhibition of adhesion was noted when using either heated or unheated saliva (data not shown).
(ii) pH and ionic strength. Since the oral cavity undergoes dramatic changes in pH and ionic strength (salt concentration), the effect of these two parameters on adhesion was investigated. Changes in pH between pH 5 and 9 did not dramatically affect adhesion of A. actinomycetemcomitans. However, adhesion was reduced by -40% when the assay was performed at pH 10 (data not shown). In contrast to the effect of pH, changes in the ionic strength or concentration of NaCI of the assay buffer dramatically perturbed adhesion of A. actinomycetemcomitans (Fig. 4) Fig. 6 ). The loss of these proteins does not correspond to a decrease in adhesion at this early time point (Fig. 5) molecular weights of approximately 120,000, 35,000, and 20,000 (solid circles in Fig. 6 ). The protein pattern (less than molecular weight 200,000) remained unchanged during the remainder of the time course. However, a high-molecularweight species (arrow in Fig. 6 ) that was absent in the starting material increased in intensity during the time course. The maximum staining intensity of this material was reached at 20 to 30 min of incubation with trypsin. The appearance of this material corresponded to a decrease in adhesion. These data suggest that a high-molecular-weight protein species that did not initially enter the gel until cleavage by trypsin may be involved in bacterial adhesion to epithelial cells. (Fig. 5) . The bacterial proteins were separated by polyacrylamide gel electrophoresis and transferred to nitrocellulose. The biotinylated proteins were localized with horseradish peroxidase-conjugated avidin D and detected with the appropriate substrate. Lanes: 1, control; 2 to 9, 1, 5, 10, 15, 20, 30, 45, and 60 min of incubation with trypsin, respectively. The appearance of high-molecular-weight proteins at the 20-min time point corresponds to a decrease in bacterial adhesion. Symbols: *, proteins with molecular weights of 140,000 and 160,000; 0, proteins with molecular weights of 120,000, 35,000, and 20,000; <-, high-molecular-weight protein increasing in intensity over time. Molecular weights (in thousands) are shown on the left. cells were grown to confluent monolayers in the bottom of 96-well microtiter plates and fixed with glutaraldehyde. Fixation was used to prevent invasion of the bacteria and to maintain the monolayer throughout the assays. The magnitude of adhesion does not change when glutaraldehyde-fixed cells rather than unfixed cells are used (data not shown). This observation has been reported for other bacteria and cell lines (10, 32) .
The availability of polyclonal antibodies directed against A. actinomycetemcomitans (30) was used to develop an ELISA to study the factors that modulate or are required for adhesion. This assay format has advantages over other assay methods in terms of the rapid acquisition of results (several hours instead of days) and the accommodation of numerous samples per assay which can be studied under a multitude of conditions. However, this method is dependent on the specificity of the antibody-antigen interaction. This limits the scope of the organisms that can be studied. In addition, since the antibodies used in this study interact with surface proteins, the molecules under investigation may also be the target site for the antibodies. To circumvent this problem, we have used [3H]thymidinelabeled bacteria to investigate the surface molecules required for adhesion. Both of these assays have been used to characterize the properties of adhesion to KB cells, and the data generated by these assays are in full agreement with each other.
The variation in adhesion to KB cells by different strains of A. actinomycetemcomitans parallels the report by Meyer and Fives-Taylor (13) (12, 13) . The extracellular amorphous material of SUNY 75S has been shown to convert a minimally adherent strain to a highly adherent strain, and this material can be removed by PBS washes. Furthermore, removal of the extracellular amorphous material reduced the adhesion activity of SUNY 75S (12) . Since the bacteria used in this report were washed with PBS before being added to the cells, this discrepancy in the ranking of adhesion activity is probably due to the removal of the extracellular amorphous material associated with SUNY 75S. This implies that adhesion, as detected by the ELISA, must be associated with a cell-bound component. The presence of biologic fluids in the oral cavity suggests that these cellular products may modulate the adhesion process. Glycoproteins in saliva have been demonstrated to increase the adherence of streptococci, Actinomyces species, and Bacteroides species to the tooth surface (7) . In contrast, saliva has been shown to inhibit the attachment ofA. actinomycetemcomitans to hydroxyapatite (8) . In this report, pretreatment of A. actinomycetemcomitans with pooled saliva was shown to inhibit adhesion to KB cells. The inhibitory activity of saliva in the adhesion to hydroxyapatite and epithelial cells suggests that similar mechanisms may be used in the adhesion of A. actinomycetemcomitans to both of these surfaces.
An increase in A. actinomycetemcomitans adhesion to eukaryotic cells has been reported when HeLa cells pretreated with saliva are used (33) . However, in the present study, pretreatment of the KB cells with pooled saliva had little or no effect on adhesion. The use of a single donor in the study by Sweet et al. (33) , rather than a pooled saliva sample used in our study, may explain this difference in adhesion. In (8) . Lipopolysaccharide does not appear to be involved in adhesion, because of the lack of inhibition of adhesion of SUNY 465 by lipopolysaccharide isolated from A. actinomycetemcomitans Y4 (preliminary data).
In conclusion, two quantitative, rapid, and sensitive means of measuring adhesion ofA. actinomycetemcomitans to epithelial cells have been developed. The assays described in this report define some of the parameters of the adhesion process.
Although the mechanism(s) of adherence has not been clearly elucidated, these assays allow the study of factors that may inhibit or enhance the adhesion process and the macromolecules involved in adhesion.
